Water damage is a vital factor affecting the durability of gap-graded asphalt. There is an urgent need for a pragmatic and reasonable test to evaluate this parameter. Previous research has proposed that tensile strength ratio is a promising test for this application. Therefore, the aim of this paper is to evaluate the effect of moisture damage on gapgraded asphalt mixture incorporating electric arc furnace (EAF) steel slag and copper mine tailings (CMT). Four material mixtures of eight mix designs were investigated. Each mix was conditioned in water for 24-hour and 48-hour before testing. The study adopted retained strength index (RSI), durability index (DI) and tensile strength ratio (TSR) to describe the durability of gap-graded asphalt incorporating EAF steel slag and copper mine tailings. The results reveal that all the mixes fulfill the prescribed criteria. Also, there is a strong correlation between the retained strength index and the durability index with a strong coefficient of determination, R 2 of 0.9543. The results of the study further showed that gapgraded asphalt mixture incorporating EAF steel slag and copper mine tailings did not seem to pose any problem.
INTRODUCTION
In the field of construction, road works consume one of the largest proportions of conventional aggregates. However, with the continuously diminishing naturally occurring aggregate, it is highly imperative for highway engineers to start sourcing for alternative aggregates to replace conventional materials like granite [1, 2] . Apart from promoting green technology, it will also enhance environmental sustainability. The use of by-products as replacement for aggregates in hot mix asphalt (HMA)had already started some years ago and the most widely used material for aggregate replacement was either siliceous or calcareous material [3, 4] . Despite numerous advantages, there are also a few challenges in using alternative aggregate materials in the production of HMA. Until now, there have been many studies investigating the use of certain waste materials as aggregate replacement in HMA [5, 6] .
In this study, the use of EAF steel slag and CMT as binary material in an asphalt mixture was explored. EAF steel slag and CMT were used as aggregate replacement to incorporate the enhanced benefits from these materials and also to help in solving the environmental problems commonly associated with other paving materials. By-products like steel slag and tailings were used as aggregate not only to develop superior asphalt mixtures but also to keep them environmentally friendly and reduce the cost of construction [7] [8] [9] . Nevertheless, there is still a long way to go before the idea is widely accepted and utilised in the industry. The highway industry is generally slow in accepting new technologies and thus, more research may be needed to prove the superiority of EAF steel slag and CMT over conventional aggregates in their use as pavement material. Furthermore, in order to understand the adverse effect of action of water on asphalt mixture in which only a few research work has been documented, the specimens used in this study were subjected to various degree of water conditioning. Ali [10] , Behiry [11] ; Gorkem and Sengoz, [12] conducted an experimental study on the resistance of asphalt concrete against water saturation. The modified immersion method used by the author showed a good understanding to the deterioration of asphalt mixtures durability due to the flood puddle. Other studies that have been carried out focused mainly on the effect of cyclic water vapour to asphalt mixtures. Unfortunately, one of the major treats to the durability of asphalt mixture is infiltration of water into the asphalt pavement [13, 14] . Another vital consequence of the action of water on asphalt mixture is the loss of adhesion between the bitumen and aggregate, generally refer to as stripping, resulting in the reduction of strength of the asphalt mixtures significantly.
In order to study the effect of water damage on gap-graded mixture and at the same time sustaining the policy of green technology and environmental sustainability, this present study has been devoted to assess the influence of water infiltration on SMA 14 mixture incorporated EAF steel slag and copper mine tailings which has not been previously studied.
MATERIALS AND METHODS

Raw Materials
The granite aggregate was supplied by Ulu Choh quarry Johor, Malaysia. The EAF steel slag and copper mine tailings were obtained from Malaysian Marine and Heavy Engineering Company and Antra steel, Malaysia. Both the modified bitumen (PG 76) and conventional bitumen (80-100) was supplied by Shell Ltd, Singapore. The material design which conforms to SMA 14 based on the Malaysian standard specification for road works is illustrated in Table 1 while Figure 1 depicts the gradation curve of the mix. Also, the properties of the aggregates and bitumen binders are listed in Tables 2 and 3 respectively. 
Marshall Test
The test was performed in accordance with ASTM D 5581 [15] .Prior to the test, a certain quantity of the aggregates having the designed gradation is dried at a temperature of 105 o C ±5 o C until a constant weight is obtained. The mixing temperature of this test was set at a temperature that produces a kinematic viscosity of 170 ±20 centipoise. The compacting temperature used was the corresponding temperature that produces a kinematic viscosity of 280 ±30 centipoise. The test specimens were prepared for a range of asphalt contents within the prescribed limits.
Thereafter, using the Marshall harmer, the specimens containing the appropriate quantities of aggregates and binder were prepared by mixing and compacting each mixture thoroughly at 50 blows per face. The bulk specific gravity and the maximum theoretical specific gravity of the mix were then determined. The bulk specific gravity was determined by weighing the sample in air and in water. The maximum theoretical specific gravity of the mix was measured for each binder content.
Subsequently, the prepared Marshall specimens were immersed in a water bath maintained at a temperature of 60 ±1 o C for a period of 30 to 40 minutes. The specimens were later tested on a Marshall stability testing machine. The total load (in Newton) that causes failure of the specimen at 60 o C is recorded the Marshall stability value of the specimen. The total amount of deformation that occurs up to the point the load starts decreasing is recorded as the flow value. The laboratory-measured values were then used for a Marshall volumetric analysis. The bulk specific gravity, Void filled with asphalt (VFA), stability and flow test values corresponding to the optimum binder content (OBC) were then obtained to get the values of each mix property.
In addition, the Marshall test was also performed on the wet samples that were initially soaked for 24 hours and 48 hours at 60 o C in order to assess the effect of flood puddle and water damage on the samples. Thereafter, the retaining strength index value was calculated by using equation 1 below;
Where M2 and M1 are the Marshall stability (in Newton) after immersion for 24 and 48 hours respectively
Abrasion Test
A Cantabro abrasion test was performed on both the dry and wet samples in accordance with the Malaysian Standard Specification for Road Works (JKR) [16] . The test was carried out basically to measure the resistance of the proposed mix to stone loss at high frequency. The specimens were prepared at optimum binder content using Marshall mix design. Also, the wet samples were divided into two sets; one set was soaked for 24 hours while the other set was soaked for 48 hours at ambient temperature. Thereafter, the specimens were placed in ambient temperature for 48 hours. Prior to testing, the specimens were conditioned at a temperature of 25 o C for at least 6 hours. Each specimen was later put into a Los Angeles Abrasion machine without steel balls and subjected to 300 revolutions at a speed of 30 revolutions per minute (rpm). The abrasion loss of each specimen was computed using equation 2;
Where, L = Abrasion loss, % Mo = Initial weight of specimen, g M1 = Weight of specimen after 300 revolutions Furthermore, the durability index was computed using equation 3 below;
where S2 and S1 are the mass loss after immersion for 24 and 48 hours respectively.
Indirect Tensile Strength Test
The test is designed to evaluate the tensile strength properties. The test is performed on Marshall samples having percentage air voids of 7 ±1%. The high percentage of air voids was allowed to expedite the moisture damage of the specimens. The test was conducted following the AASHTO T 283 [17] procedure by subjecting the cylindrical-shaped specimens to compressive loading acting parallel to vertical diametrical plane using Marshall testing equipment. The samples normally fail by splitting along the loaded plane. The specimens were divided into two sets; one set is unconditioned while the other set is conditioned. The condition specimen is subjected to vacuum saturation until it reaches 55-80% saturation level. Consequently, the specimens were wrapped with plastic film and conditioned in a freezer at a temperature of 17 ±1 o C for a period of approximately 17 hours and thereafter submerging in a water bath at 60 o C for 24 hr. The samples were then positioned in a water bath at 25 o C for 120 minutes before testing. The unconditioned samples are put in a water bath at 25 o C for 120 minutes and subsequently subjecting to failure. Based on the load carried by the sample till the point of failure, the indirect tensile strength is calculated by the equation 4 below; 
where P = maximum load in kN, d= specimen diameter in cm, t= specimen thickness in cm 3.0 RESULTS AND DISCUSSION In general, the OBC values for the mixes containing either EAF steel slag or copper mine tailings were higher. This can be attributed to the higher porosity of EAF steel slag and copper mine tailings aggregate compared to granite. In terms of performance of the four mixes, Mix 2, 3 and 4 exhibit better Marshall properties than the control mix (Mix 1). The higher angle of internal friction and angularity possessed by EAF steel slag and copper mine tailings improved better aggregate cohesion in the mixes.
Retained Strength Index
The retained strength index (RSI) for all the mixes is displayed in Figure 2 . The values represent the average of three specimens. As expected, the value of Marshall stability decreases after moisture conditioning. This is because water serves as a threat to the structural integrity of the binder aggregate interface. Water can attack the adhesive bond between the aggregate and the binder, thus causing stripping. Besides, water can also weaken the binder's stiffness and strength. Hence, water is one of the major factors that reduce the strength of pavement.
It is seen in Figure 2 that the RSI decreases as the period of immersion increases. This implies that the longer the immersion period the more damage is being done by water. Also, due to the high porosity of EAF steel slag and copper mine tailings, the Marshall stability of the conditioned Mixes 2, 3, and 4 samples were lower compared to the control samples but none of the samples has RSI value below 75%, which is the stipulated minimum value of RSI.
However, the effect of water damage on the Marshall stability of gap-graded asphalt was further analysed statistically. An independent t-test analysis was performed to statistically compare the superiority of the mixes. The null hypothesis is that the mean Marshall stability for conditioned and unconditioned mixes is equal. The Levene's Test for Equality of variances shown in Table 5 yields a p-value of 0.002, which means that the difference between the variances is statistically insignificant at 0.05 level of significance. Thus the assumption of equality of variances holds. The p-value 0.002 for the test statistic t (less than 0.05) indicates that there is a significant difference between the Marshall stability for the conditioned and unconditioned samples. Thus, at 5% level of significance, there is strong evidence from the sample data to support the claim that the Marshall stability from the conditioned and unconditioned samples is significantly different.
Durability Index
The outcome of the durability index of all the control and conditioned samples is presented in Figure 3 . The results indicate that the abrasion loss is increasing with the period of abrasion. In addition to that, the samples prepared with 5% EVA modified 80-100 recorded a lower abrasion loss than the PG 76 samples. This trend is expected because EVA modifier improves the temperature susceptibility of the samples, thus enhancing the adhesion of the aggregates and binder. In addition to this, it is observed that asphalt mix samples incorporating EAF steel slag and copper mine tailings exhibited lower abrasion loss than the control samples. Obviously, the EAF steel slag and copper mine tailings had a significant effect on the abrasion loss of gap-graded asphalt. The shape and porosity of EAF steel slag and copper mine tailings strengthen the adhesion and cohesion bond between the aggregates and binder [18] [19] [20] . Also, it was clearly observed that the wet samples recorded higher abrasion loss than the dry samples. This is expected because the water tends to weaken the adhesion and cohesion bonds between the aggregates and bitumen binder, thus, contributing to high abrasion loss.
However, the effect of moisture damage on abrasion loss of SMA 14 incorporating EAF steel slag and copper mine tailings was further analysed statistically using one-way ANOVA as listed in Table 6 . The results of the independent samples t-test showed that both the 24-hour and 48-hour conditioning significantly affected the value of abrasion loss of the samples. The one-way ANOVA also revealed that 5% EVA modified binder samples yielded lower abrasion loss than the PG 76 sample The results obtained from the Marshall test and Abrasion test were analysed to determine any possible correlation between the two tests. In Figure  5 , a line of linear regression indicated a strong correlation between the retained strength index and the durability index with a strong coefficient of determination, R 2 of 0.9543. This implies that the retained strength index obtained from the Marshall stability test is a reliable test to determine the moisture susceptibility of the mix incorporating EAF steel slag and copper mine tailings. 
CONCLUSION
In this paper, attempts have been made to study the effect of water damage on gap-graded asphalt mixture incorporating EAF steel slag and copper mine tailings. The study adopted the concept of durability index in order to understand the influence of water damage on the durability of asphalt mixture. The findings of the study show that the retained strength index values decreases as the conditioning period increases but none of the samples has RSI value below 75%, which is the stipulated minimum value of RSI. In addition to that, there is a significant difference between the Marshall stability of the conditioned and unconditioned samples. In terms of abrasion loss, the wet samples recorded higher abrasion loss than the dry samples. This is expected because the water tends to weaken the adhesion and cohesion bonds between the aggregates and bitumen binder, thus, contributing to high abrasion loss. Due to a strong correlation between the retained strength index and the durability index, the retained strength index obtained from the Marshall stability test is a reliable test to determine the moisture susceptibility of the asphalt mix incorporating EAF steel slag and copper mine tailings.
